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   SUMMARY 
The increasing interest around the protection of coastal wetlands highlighted the 
scarce knowledge achieved about these systems and the consequent inability to 
operate efficiently during conservation and restoration programs. One crucial 
issue is related to saltmarsh systems, whose functioning appears highly complex 
and where a great connection between soil and halophytes drives the definition of 
the main characteristics.  
For its complexity, the present work used a holistic approach with the aim to 
evaluate the main driving forces involved in saltmarsh formation and 
development, focusing on the effect of flooding, soil features and plant-soil 
feedback mechanisms.  
Flooding drove the main changes on soil features, plant growth and plant 
distribution. The increasing flooding stress defined gley soils, with abrupt changes 
in colour between the submerged horizons and the upper less frequently 
inundated horizons of soil profiles. Clay soils at lower sites allowed the 
development of more severe anoxic conditions and the accumulation of sulphides, 
while higher sites seemed to be more influenced by plant competition instead of 
flooding. 
Halophytes are plants extremely well-adapted to flooding involving several 
different strategies. Internal tissue aeration is the most common strategy based on 
the presence of high tissues porosity (up to 40% in Spartina genus), whereas other 
species could benefit from underwater photosynthesis or, less commonly, from 
fermentative processes when under water, keeping out temporarily internal 
oxygen diffusion (e.g. in Limonium narbonense).  
Some plant species studied in this work actively affected pedogenesis, being able to 
change the original conditions defined by flooding. The tide oscillation and the 
presence of rooted plants led to the formation of redoximorphic features along soil 
profiles, which consequently determine changes on the soil redox status. These 
changes were mainly driven by the oxygen released from roots by some species 
like L. narbonense, able to tolerate great changes in flooding intensity and severe 
anoxic conditions in soil.  
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Sulphides are toxic for plants and for this reason can interfere with zonation but, 
currently, few works investigated this aspect and adequate field methods are not 
available, especially for the determination of the acid volatile sulphides (AVS) 
fraction, abundant in coastal environments. In contrast to their capability to alter 
the redox conditions in the rhizosphere, plants seemed not capable to diminish 
sulphides concentrations in soils, probably due to the restricted radial area 
affected by the oxygen released from roots.  
The different plant communities, studied in the present work, were located 
according to different morphological and physicochemical soil properties, 
especially the degree of soil anoxia. Thus, vegetation represented a useful index of 
the hydrological and nutritional status of the underlying soils, providing several 
indirect information of the degree of flooding, the soil type and the possible plant 
feedbacks affecting a specific saltmarsh soil.  
The feedback mechanism on rhizosphere triggered by plants diminishes the 
negative effect of flooding on soil features and plant communities, improving 
locally soil conditions and allowing in turn an easier establishment of other more 
demanding species. The development of soil (toward horizon formation and 
organic matter accumulation) and the increasing of plant communities richness 
could, nevertheless, regress to less developed states due to a more intense flooding 
or occasional storms. Therefore, flooding remains a primary factor affecting soil 
features and halophytes distribution, and that soil and vegetation together 
cooperate to the resulting complexity of saltmarsh environment, included all 
interactions between abiotic and biotic factors. This fact explains the existence of 
extremely different conditions about soil and plant zonation in sites of very similar 
elevation and flooding regime.  
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   MOTIVATION 
Transitional ecosystems provide several economic, social and environmental 
services. The main ones are linked to coastal shoreline protection and human 
activities (e.g. fishery, recreational activities), water quality, nutrient cycling, and 
provision of habitats and food for migratory or resident birds (see e.g. Newton et 
al., 2014; Abbiati et al., 2010; McAlpine and Wotton, 2009). The high ecological 
value of these systems, which are able to support a very large productivity (Cronk 
and Fennessy, 2016; Reddy and DeLaune, 2008), is nowadays officially recognised 
and partially regulated. The European Habitat Directive (92/43/EEC) considers all 
transitional water ecosystems as priority habitats, and the European Water 
Framework Directive (2000/60/EC) strengthens prevention against further 
deterioration of the water resource and promotes sustainability of aquatic 
environments. Nevertheless, due to increasing population pressures and global 
climate change, coastal ecosystems appear severely compromised (Sun et al., 2015; 
He et al., 2014). Approximately 50% of the world's saltmarshes, 35% of mangrove 
covered areas, 29% of seagrass populations and 30% of coral reefs have been 
already lost or degraded (Barbier et al., 2008; Waycott et al., 2009). This scenario 
will be strongly enhanced in the future by the overexploitation of resources and 
pollution (Abbiati et al., 2010). Moreover, saltmarshes are among the most 
threatened ecosystems from climate change, being controlled by tidal flooding 
(Simas et al., 2001). In the next one hundred years, the mean sea level is attested to 
rise from 0.26 up to 0.82 m(IPCC, 2013), making semi-enclosed coastal systems 
sentinel hotspots of large-scale impacts (Newton, 2012). The concern around the 
fate of transitional water ecosystems has led to an increasing interest in 
preservation and restoration programs. Several efforts have been made worldwide 
towards the protection and reconstruction of these habitats (see e.g. Bayraktarov 
et al., 2015; Benayas et al., 2009) and new proposals are suggested for improving 
management applications (Liu et al., 2016).  
Saltmarshes are highly dynamic environments, controlled by delicate equilibria 
where the driving forces involved in their formation are the same which can cause 
their decay (Townend et al., 2011). The survival of these environments is critically 
dependent on the balance of sedimentation-erosion rates (Adam, 2002) which 
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depends on sediment availability, sediment consolidation and the subsequent 
establishment of vegetation (Rinaldo et al., 2004). Recent studies highlighted the 
ability of marshes to maintain elevation despite the sea level rise (Elmore et al., 
2016; Cadol et al., 2014), but accretion is not homogenous along the marsh profile 
and will not necessarily occur at all places. Sediments are transported inside the 
saltmarsh thanks to a complex tidal network (French and Stoddart, 1992) and the 
different redistribution of sediments defines the marsh topography. Elevation and 
tidal cycles define the so-called hydroperiod, that is the duration of water 
persistence over a surface (Reed, 1990). Very small differences in hydroperiod 
determine different soil features, microbial community composition, vegetation, 
availability of nutrients and presence of toxic substances etc. These compartments 
also interact each other and contribute to modify the starting conditions 
determined by the hydroperiod: plants influence soil characteristics e.g. releasing 
oxygen from roots; plants contribute to soil organic carbon and at the same time 
favour microbial decomposition processes; different plant species could compete 
for nutrients altering plant communities composition etc. (see for a review Cronk 
and Fennessy, 2016; Reddy and De Laune, 2008). These considerations, combining 
knowledge on soil features with that on vegetation, can provide a great amount of 
indirect information about the many interconnecting processes involved.  
Soil and vegetation could be useful bioindicators of the main saltmarsh features and processes ȋJenačković et al., 2016), being witnesses of past changes or possible 
predictors of future developments. Knowledge about saltmarshes is nowadays 
incomplete despite crucial, in particular for the mitigation of global environmental 
changes (Newton et al., 2014) and prediction of processes in lands newly invaded 
by the sea. Most of studies conducted in saltmarshes are detailed, but limited in scope, considering only few environmental compartments or focusing on a ǲone wayǳ approach, that is, excluding the contribution of feedback mechanisms ȋe.g. 
Möller, 2006; Underwood, 1997). Moreover, several mechanisms are still poorly 
known and need additional data or more adequate methods for investigation. For 
example there are no universally accepted protocols available for anoxic soils, 
which are highly sensitive to oxygen during sampling, storage and laboratory 
analysis. Implementation of databases and sectorial experiments have to couple 
with a holistic approach, able to embrace the complexity of saltmarsh 
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environment. Some preliminary steps in this direction have been proposed only in 
recent years (see e.g. Jjang et al., 2012; Cott et al., 2011) and an extensive research 
work has still to be carried out to progress toward a systematic application of 
integrated approaches.  
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   INTRODUCTION 
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Algae on the peaty soil of a salt pond visible during low tides, Le Mandragole saltmarsh, 
Grado Lagoon. 
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   SOIL-PLANT INTERACTIONS 
Soil processes and plant feedbacks are key concepts to understand saltmarsh 
functioning and are fundamental to reach awareness of soil-vegetation 
relationships on a large scale.  
A scheme of interactions at the soil-plant interface in a periodically submerged soil 
is represented in Figure 1.  
 
Figure 1. Soil-plant interactions in saltmarsh environment. Consequences of flooding and soil anoxia. 
 
In saltmarshes, soils are generally poorly developed due to regular waterlogging 
acting negatively on soil development (Elmore et al., 2016). Saturated conditions 
result in lower redox potential (Reddy and DeLaune, 2008) as a consequence of the 
establishment of hypoxic (less of 2 mg O2 L-1) or anoxic conditions in soil, slowing 
down microbial decomposition. Lack of oxygen implies accumulation of reduced 
inorganic and organic compounds, as a result of anaerobic microbial respiration 
and fermentation. Biological reduction processes can be monitored following the 
soil redox potential. Oxygen is already depleted in the soil gas phase at a redox 
potential of +330 mV and the reduction of nitrate (NO3-) begins at +250 mV, 
followed by the reduction of manganic ions (Mn4+) at +225 mV and ferric ions 
(Fe3+) at +120 mV. At negative values, from approximately -75 to -150 mV, 
sulphate (SO42-) is reduced producing sulphides. This process is particularly strong 
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in saltmarshes, due to the great availability of sulphate derived from seawater. On 
the contrary, the production of methane, coupled to the reduction of carbon 
dioxide which occurs even lower Eh values from approximately -250 to -350 mV, is 
not particularly intense. The reduction sequence strictly follows the 
thermodynamic order, so that the most energetically convenient terminal electron 
acceptors (TEA) are reduced first. In their oxidised forms, most of them are 
essential nutrients for plants (e.g. nitrate, iron, sulphate) but their reduction can 
result in loss or even toxicity (Crooks and Pye, 2000; Ponnamperuma, 1984). 
Denitrification removes nitrogen from soil limiting plant growth, reduced 
manganese interferes with enzyme structure, whereas reduced iron and sulphate 
diminish or inhibit photosynthetic activity (Cronk and Fennessy, 2016). Several 
studies demonstrate the intrusion and accumulation of sulphides in seagrasses 
with subsequent limitation in growth (Holmer et al., 2005; Pedersen et al., 2004) 
Moreover under complete anaerobiosis, fermentation produces soluble toxic 
organic compounds (e.g. acetic acids, butryc acids or ethanol) contributing to 
create an even more adverse environment for plants (Pezeshki, 2001).  
Hydroperiods, combined to evapotranspiration, influence soil salinity which in 
turn limits plant growth already at about 100 mM in soil solution (Flowers et al., 
1986). Under high salinity (in saltwater wetlands salinity can reach 1 M), plants 
are less efficient in acquiring water, excess Na+ ions inhibit K+ uptake and the 
uptake of CO2 for photosynthesis is also reduced (Cronk and Fennessy, 2016).  
Plants are conditioned by flooding and soil characteristics, but in turn can also 
actively modify soil properties. The main important feedback is the ability of some 
species to release oxygen from roots (radial oxygen loss - ROL) by diffusion, in 
order to restore an aerobic environment and oxidise toxic forms (Koretsky et al., 
2008; Gribsholt and Kristensen, 2002). In addition, plants can alter the pH of soil 
releasing H+ and OH- (or HCO3-) ions, a necessary exchange to compensate for an 
unbalanced cation-anion uptake (Cocco et al., 2013; Burke et al., 2000; Riley and 
Barber, 1971). The change of redox status and pH of soil can strongly affect the 
availability of trace metals (Almeida et al., 2004; Windham et al. 2003) and 
similarly the release of root exudates can acting as complexing agents (Mucha et 
al., 2005).  
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Plants influence soil development contributing to soil organic matter accumulation 
(Laanbroek, 2010), especially at higher elevations where the litter structure is 
generally more dense and where plants exhibit high C:N ratios in aboveground 
biomass (Elmore et al., 2016). Aboveground tissues return to the detrital pool with 
senescence and undergo decomposition. Root exudation of organic compounds 
(e.g. ethanol, carbohydrates, amino-acids) contributes to soil organic matter and to 
modify the rhizosphere. Microbial decomposers use then detrital and soil organic 
matter to recycle energy and carbon, within and outside the saltmarsh system 
(Koretsky et al., 2008; Mucha et al., 2005; Nielsen et al., 2001).  
In saltmarsh environments, all factors are highly variable, at both temporal and 
spatial scale, making the description and the clarification of interactions 
challenging. 
 
   PLANT STRATEGIES AGAINST SALINITY AND FLOODING  
Halophytes inhabiting saltmarshes thrive in these systems thanks to adequate 
morphological and physiological adaptations to submergence and high soil salinity 
(Cronk and Fennessy, 2016; Colmer and Flowers, 2008; Flowers and Colmer, 
2008).  
High soil salinity could seriously affect plant survival. Halophytes tolerate salt 
concentrations that kill 99% of the other species (Flowers and Colmer, 2008) and 
at low salinity (50-250 mM) are even stimulated in growth (Flowers et al., 1986). 
Halophytes commonly develop succulent leaves to dilute internal salt 
concentration, accumulating Na+ and Cl- in vacuoles (Wyn Jones and Gorham, 
2002) while metabolically compatible solutes (e.g. sugars, sugar alcohols, amino 
acids etc.) are accumulated in the cytoplasm to balance the osmotic potential 
(Rhodes et al., 2002; Hasegawa et al., 2000). When salt concentration is high, some 
species can shed parts of the plant (leaves) or secret salts from salt glands sited on 
leaf margins (Flowers and Colmer, 2008).  
Flooding tolerance in halophytes is even more important, considering that flooding 
stress occurs in saltmarshes on a daily base. When soil pores are filled with water, 
oxygen diffusion in soil is reduced about 3,2·105 times (Armstrong and Drew, 
2002) and when plants are completely submerged, access of shoots to oxygen and 
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CO2 is limited too (104 times slower diffusion rate in water, Colmer and Flowers, 
2008). Only submerged plants benefit from thinner cuticle to contrast the lower 
gas diffusion rates under water, and from the use of HCO3- for underwater 
photosynthesis (Pedersen et al., 2013). Upland plants could at least reduce the 
palisade tissue in leaves to improve gas exchanges, when acclimated under water 
(Mommer et al., 2007). Adventitious roots and shallow rooting commonly develop 
upon waterlogging and shoot elongation could be promoted under complete 
submergence, in order to restore the contact of shoots with air (Herzog and 
Pedersen, 2014; Voesenek et al., 2006). Flooding stress promote in both 
halophytes and glycophytes (not salt tolerant) the development of aerenchyma, 
which consists in gas spaces forming a virtual longitudinal pathway that facilitates 
oxygen diffusion from shoots to roots (Colmer, 2003). Aerenchyma production in 
stems could also provide buoyancy for floating-leaved plant (Kron and Visser, 
2012; Colmer, 2003). Internal aeration could be also enhanced by barriers to radial 
oxygen loss (ROL) in the basal root zone, restricting oxygen losses to the 
rhizosphere and enhancing longitudinal oxygen translocation (Colmer, 2003). 
Some wetland species are able to avoid transient anoxia slowing down metabolic 
activities, while others have enough energy (ATP) for cell metabolism even under 
anaerobic conditions thanks to large rhizomes detaining reserves (Stunder and 
Braendle, 1987). In fact, some species move to fermentative metabolism, 
producing ethanol or lactate when submerged (Colmer and Flowers, 2008; Rivoal 
and Hanson, 1993). In better adapted species, fermentation pathways can sustain 
survival under water for many months, converting rapidly soluble sugars for 
anaerobic processes (Visser et al., 2003).  
 
   SALTMARSH VEGETATION 
Saltmarsh vegetation is peculiar, considering that few species are able to tolerate 
the high salinity and the recurrent flooding of these environments. In saltmarsh 
plant communities, a single or few species usually are dominant (Adam, 1993) and 
the relative species abundance determines the attribution to a specific type of 
vegetation (sintaxa) (Cazzin et al., 2009). Vegetation composition is driven by the 
different ecological niches of each species. Plant species appear arranged along the 
flooding gradient, occupying ecological spaces based on their plasticity (see e.g. 
11 
 
Silvestri et al., 2005; Bockelmann et al., 2002). Sarcocornia fruticosa, for instance, 
shows a broad distribution with higher covers in the high saltmarsh, less flooded 
and more saline (Batriu et al., 2011). Halimione portulacoides is an indicator of oxic 
conditions, preferring soils less frequently flooded, with a redox potential higher 
than 200 mV. Spartina maritima is instead a good indicator of anoxic often flooded 
environments, while Puccinellia marittima of anoxic-peaty soils (Lang et al., 2010; 
Sanchez et al., 1998).  
Generally, species richness increases following the flooding gradient with 
saltmarsh accretion (Boorman, 2003). It moves from pioneer stages with annual 
species growing within bar soil (e.g. Salicornia sp. and Suaeda sp.) to perennial 
pioneer species like Spartina maritima, and even more demanding species like 
Puccinellia sp. and Sarcocornia sp. In more elevated areas, species less tolerant to 
salt, e.g. Phragmites australis, can be recorded (Lang et al., 2010; Boorman, 2003). 
Saltmarsh accretion and the presence of vegetation work with a positive feedback 
mechanism, where vegetation increases sedimentation which in turn facilitates 
plant growth (Van de Koppel et al., 2006).  
Elevation (Rasser et al., 2013) and soil salinity (Jeppesen et al., 2007) are 
commonly used to explain the typical micromosaic pattern of saltmarsh 
vegetation, but literature shows contradictory results regarding both traits 
(Silvestri et al., 2005; Zedler et al., 1999). Niche species differentiation along these 
environmental gradients seems not well-defined (Batriu et al., 2011; Lang et al., 
2010). Many edaphic factors (C org, pH, soil texture) as well as biotic factors and 
plant competition (Pennings and Callaway, 1992) may therefore also be important 
in defining species distribution at small scale (Reddy and DeLaune, 2008; Reed 
1988). Bertness and Ellison (1987) proved that Spartina alterniflora, dominant in 
the low marsh, is capable to colonize the upper saltmarsh and its exclusion is 
determined only by the presence of other more competitive species. Similarly, 
Puccinellia marittima succumbs to competition when is moved to higher sites 
(Kiehl et al., 1997). Competition could therefore prevail on zonation (Ford et al., 
2016), especially at higher elevations where environmental factors are less intense 
(Wang et al., 2006; Pennings and Callaway, 1992), and in plant communities with 
higher diversity (Wright et al., 2016).  
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Another interesting aspect of saltmarsh vegetation is that both progressive and 
retrogressive successions are common. Abiotic or biotic disturbances could 
determine a reverse process on vegetation where loss in cover involves a higher 
soil erosion and the reversion to a pioneer stage. Especially recurrent flooding 
determines a non-equilibrium state of vegetation (Tessier et al., 2002) which 
consequently appears extremely dynamic.  
Experimental studies conducted in macrotidal saltmarshes reported the 
importance of competitive exclusion in determining plants distribution along 
environmental gradients (Pennings and Callaway, 1992). However, European 
coastal marshes seem to behave differently, showing coexistence of highly 
competitive species. European coastal marshes are usually less covered by 
vegetation compared to the American ones, despite being highly differentiated in 
terms of species richness (Cronk and Fennessy, 2016).  
Different strength of environmental stresses, different origin of sediments, species 
with diverse ecological needs etc. could hide different mechanisms and 
relationships among variables. Therefore, studies conducted in saltmarshes cannot 
be fully generalised. 
Mediterranean saltmarshes in particular are subject to irregular microtidal 
regimes (Costa et al., 2003), micro-scale variations in soil salinity (Adam, 1993; 
Silvestri et al., 2005) and a long history of anthropogenic disturbance (Curcó et al., 
2002). In Mediterranean saltmarshes, the high variability of small scale 
topography with creeks, ponds and depressed areas, can determine changes of the 
vegetation pattern within 1 m2 or less (Cazzin et al., 2009). Figure 2 shows a 
typical profile of a Mediterranean saltmarsh bar. Vegetation refer to four main 
classes: vegetation with annual succulents (Thero-Suaedetea splendentis), 
perennial pioneer grasses (Spartinetea glabrae), succulent perennial shrubs 
(Sarcocornietea fruticosae), and maritime grassland (Juncetea maritimi) (Cutini et 
al., 2010; Pandža et al., 2007; Chytrý and Otýpková, 2003).  
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Figure 2. Topography and vegetation pattern in a typical saltmarsh of the Mediterranean region. The 
red colour highlights the rhizosphere of plants able to release oxygen from roots. Zos=Zoostera 
marina, Spa=Spartina marittima, Lim=Limonium narbonense, Sar=Sarcocornia fruticosa, Sal=Salicornia 
patula, Puc=Puccinellia festuciformis, Inu=Inula chritmoides, Sua=Suaeda maritima, Ast=Aster 
tripholium, Jun=Juncus maritimus, Phr=Phragmites australis. 
 
   SALTMARSH SOILS  
Anaerobic soils, determined by regular flooding, exhibit peculiar morphological 
and chemical properties resulting from the typical reduction processes carried out 
by facultative and obligated anaerobes. They are called hydric soils and can be 
divided into two main types: frequently waterlogged freshwater or saltwater 
marsh soils, and permanently flooded subaqueous soils (Reddy and DeLaune, 
2008). The description of these soils is still poorly agreed and even the use of the term ǲsoilǳ to describe the substrates colonized by saltmarsh plants or seagrasses 
has not been universally accepted as many biologists and marine biogeochemistry scientists still refer to them as ǲsedimentsǳ. Pedologists started to describe 
submerged soils from the 1970s, but up to now most papers (approx. 65% related 
to emergent plant communities and up to 90% of submerged vegetation) refer still to ǲsedimentsǳ ȋKristensen and Rabenhorst, 2015). In fact, even if the 
decomposition of soil organic matter is slow (Bradley and Stolt, 2006), processes 
like accumulation of organic carbon, alteration and translocation of materials can 
also occur under water (Erich and Drohan, 2012). 
The classification of submerged soils was officially introduced with the second 
edition of Soil Taxonomy (Soil Survey Staff, 1999), only in 1999. Two new 
suborders were then included, Wassents for Entisols and Wassists for Histosols, and 
14 
 
defined by a positive water potential at the soil surface for more than 21 hours 
each day. However, periodically submerged soils of tidal environments are still not 
well differentiated. 
The classification system of the Soil Taxonomy (Soil Survey Staff, 2014) includes 
most saltmarsh soils in the Aquent suborder (order Entisol). Regular flooding 
produces signs in the soil profiles described as morphological features that are 
used, in combination with physico-chemical properties, to describe hydric soils. 
Redoximorphic features include colour, odour, organic material content and 
presence of hydrogen sulphide, and are the most widespread morphological 
features in saltmarsh soils. These are linked to the mobilization and the oxidation 
of Fe and Mn, which determine the typical change from yellow-red to grey-black 
and gley colours when soil is reduced (Fiedler and Sommer, 2004). 
Aquents must have one or more of the following:  
1. Aquic conditions and sulfidic materials within 50 cm of the mineral soil surface;  
2. Permanent saturation with water and a reduced matrix in all horizons below 25 
cm from the surface;  
3. Aquic conditions for some time in normal years (or artificial drainage), in a layer 
above a densic, lithic, or paralithic contact or at a depth between 40 and 50 cm 
below the soil surface, whichever is shallower; 
and one or more of the following: 
a. texture class finer than loamy fine sand in 50 % or more of the matrix, plus one 
or more of the following: (1) Neutral colours with no hue (N) and zero chroma; (2) Chroma ≤ͳ and a value, moist, of Ͷ or more; ȋ͵Ȍ Chroma ≤ ʹ and redox 
concentrations;  
b. texture class of loamy fine sand or coarser, in 50 % or more of the matrix plus 
one or more of the following:(1) Neutral colours with no hue (N) and zero chroma; 
(2) Hue of 10YR or redder, a value, moist, of 4 or more, and chroma = 1; (3) Hue of ͳͲYR or redder, chroma ≤ʹ, and redox concentrations; ȋͶȌ (ue of ʹ.ͷY or yellower, chroma ≤ ͵, and distinct or prominent redox concentrations; ȋͷȌ (ue of ʹ.ͷY or 
yellower and chroma = 1; (6) Hue of 5GY, 5G, 5BG, or 5B;  
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c. Enough active ferrous iron to give a positive reaction to alpha,alpha-dipyridyl at 
a time when the soil is not being irrigated.  
Redoximorphic features are therefore a great indicator of soil type and history, 
being the resulting combination of flooding, soil features and plant feedback 
mechanisms (Lang et al. 2010, Hinsinger et al. 2003). 
The World Reference Base system of soil classification is even less advanced. 
Recently, Lang et al. (2010) highlighted the lack of a suitable saltmarsh soil 
classification, which allowed them to classify only two different soil units (Fluvisols 
and Histosols) in the northern area of the Venice lagoon, despite the analysed soils 
differed strongly in redoximorphic features within the same soil unit. This 
deficiency in soil classification is also characterised by the no constant 
correspondence between soil type and vegetation, by which abrupt transitions 
between plant communities are apparently associated with small gradual changes 
in soil properties (Kristensen and Rabenhorst, 2015; Pennings and Callaway, 
1992). However, Lang et al. (2010) successfully used redoximorphic features as a 
tool to explain changes in oxygen availability in soil and to predict plant species 
distribution. Different plant communities, grouped according to the most abundant 
species, were easily linked to different soil descriptions.  
 
   THE RELEVANCE OF SULPHIDES IN SALTMARSH SOILS 
Sulphur is present in the environment in different oxidation states: as oxidised 
sulphur (sulphate, sulphite and thiosulphate) and as reduced sulphur (elemental 
sulphur and sulphide). Several factors regulate sulphur speciation: pH, Eh, 
temperature, presence of heavy metals or inorganic sulphur, required as electron 
acceptor, microbial communities present in soil, abundance of organic compounds 
as electron donors, presence of oxidants, toxic for sulphate reducing bacteria 
(SRB), soil bioturbation (Lamers et al., 2013; Reddy and DeLaune, 2008). These 
factors could vary considerably in saltmarsh soils, determining a huge spatial 
variability of the different sulphur species.  
In saltmarshes, sulphur is mostly present as inorganic sulphur minerals, pyrite 
(FeS2) in particular, formed by the precipitation of the dissolved sulphides species 
H2S and HS- derived from sulphate reduction. Amorphous iron sulphides (FeS), like 
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mackinawite, are also formed and could be transformed to greigite (Fe3S4) and 
pyrite (FeS2). In this way, sulphide level in soils does not result in directly toxicity 
for organisms, considering the low solubility of sulphur minerals (Browuer, 1995).  
Even if iron is abundant, free sulphides can strongly accumulate in saline 
saltmarsh soils, due to the higher sulphate availability. Compared to freshwater 
systems, sulphate concentration in marine and brackish soils is 103 times higher 
(Marschner, 1995). Sulphate reduction is of large interest in saltmarsh 
environments, considering that the main product H2S is toxic for fish, 
invertebrates, plants, algae (Dunnette et al., 1985). Anaerobic obligate bacteria like 
Desulfovibrio, Desulfomonas, Desulfotomaculum find in these anoxic soils ideal 
conditions for their metabolism (Rickard and Morse, 2005) producing large 
amounts of sulphides through sulphate reduction. On the other hand, sulphides 
production may be limited especially at soil-root interface (Lamers et al., 2013; 
Rickard and Morse, 2005). Sulphides oxidizing bacteria, located inside plant roots 
or in the rhizosphere determine a detoxification 104 times quicker than the 
spontaneous chemical oxidation (Millero, 1986), and phototrophic bacteria could 
oxidise sulphide even under anaerobic conditions if light is present (Reddy and 
DeLaune, 2008). Nevertheless, oxidation is less influent than sulphate reduction, 
due to the severe conditions affecting marshes.  
The presence of sulphides in saltmarsh soils is still rarely highlighted in literature, 
despite being crucial both for hydromorphic soils description (Soil Survey Staff, 
2014) and halophytes growth and distribution (Holmer and Hasler-Sheetal, 2014; 
Borum et al., 2013).  
The main fraction of sulphides is represented by the so-called Acid Volatile 
Sulphides (AVS), a complex of components ranging from dissolved sulphur species 
to metastable iron sulphide minerals (Rickard and Morse, 2005). AVS are 
commonly identified by the typical rotten-egg smell and the black deposits of 
insoluble metal sulphides, primarily FeS (Browuer, 1995), despite the black colour 
not necessarily reflects AVS distribution. The AVS fraction is operationally defined 
as the fraction of sulphides solubilised by soil treatment with cold 6N HCl (with or 
not SnCl2) and consist in dissolved sulphur species (HS, H2S), nanoparticles, FeS 
clusters in porewaters, mackaniwite (60-70%), greigite and probably small 
fractions of pyrite (Rickard and Morse, 2005).  
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The uncertainty around AVS composition is linked to the quick oxidation of iron 
sulphides when exposed to air and to the partial dissolution of pyrite during 
acidification of soil samples. Many field and laboratory methods were proposed 
(see e.g. Chen et al., 2014; Rabenhorst et al., 2010; Anderson and Wilson, 2000), 
also in response to the increasing interest around sulphides toxicity thresholds 
(Lamers et al., 2013). Seagrasses (Holmer et al., 2011) and some species of 
Spartina genus (Koch et al., 1990) seem to tolerate extremely high sulphides 
concentrations: up to 8 mmol·L-1 in S. alterniflora (Lee, 1999). Literature 
demonstrated that sulphur in plants derived mostly from soil sulphide (Holmer et 
al., 2009; Frederiksen et al., 2006), which is transported as H2S within plant tissues 
through the aerenchyma, especially during the night (Pedersen et al., 2004). 
Moreover, AVS are used to predict toxicity of metals, through the SEM 
(simultaneously extracted metals)-AVS approach, despite the limitation to not 
consider metal speciation during the extraction (McGrath et al., 2002). Therefore, a 
correct and quantitative measurement for AVS is still required, possibly a field 
methodology preventing as much as possible oxidation of soil samples, in order to 
improve data quality and saltmarsh system functioning comprehension.  
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   THESIS’ AIM 
The aim of this PhD thesis was to obtain more precise and holistic information to 
explain the multiple interactions between soil and vegetation in saltmarsh systems 
along environmental gradients, with particular reference to the persistence of 
flooding periods. Existing literature, in fact, stresses the key role of the 
hydroperiod in determining soil characteristics and plant distribution in 
saltmarshes. From this starting point, I focused on soil and vegetation changes 
along the flooding gradient, with the aim to recognise recurrent relationships and 
to evaluate the relevance of feedback mechanisms. Secondarily, my research aimed 
to elucidate some specific aspects related to flooding tolerance in plants and to 
sulphides production in soil. In fact, literature lacks not only specific information 
but also suitable analytical methods to apply in these peculiar systems.  
Different multidisciplinary approaches were adopted in order to give new insights 
on: i) saltmarsh soil classification, ii) plant zonation, iii) plant-soil interactions, iv) 
and feedback mechanisms mediated by vegetation.  
The knowledge gained through my work will not only allow a better understanding 
of these highly biodiverse environments, which are threatened by the rising of sea 
level due to climate change, but will also be relevant for future restoration 
programs in coastal ecosystems.  
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   THESIS’ STRUCTURE 
This thesis is composed of 6 chapters: 2 of them (Chapters 1 and 2) consist of 
papers already published, 2 of papers were submitted to journals and currently 
under revision (Chapters 3 and 4), and the last (Chapter 5) of a manuscript ready 
for the forthcoming submission.  
Chapter 1 is a first contribute to link soil pedology and vegetation in saltmarsh 
systems. Here soil types and plant communities were described along a 
hydrosequence in order to collect additional data about saltmarshes and recurrent 
soil-plants relationships. Chapter 2 further proceeds along this insight, moving 
from a descriptive approach to a quantitative evaluation of consequences that 
flooding and soil drive on plants, especially those related to nutrient uptake ability. 
Chapter 3 concludes these stages focusing on a third essential aspect, the possible 
feedback mechanisms and the role of plants in driving changes towards soil and 
plant communities. Therefore, Chapter 1, 2 and 3 highlighted the soil-plants 
relationships based on three different points of view, and reaching interesting 
achievements based on a holistic approach of the system.  
Chapter 4 and 5 are specific contributes aimed to answer some missing knowledge 
about flooding tolerance in halophytes and to the lack of adequate methods for 
sulphides evaluation in soils, respectively. These two last chapters highlighted the 
combined need to move across different scales, in order to elucidate different 
aspects contributing to saltmarsh soil development and plant zonation.  
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   CHAPTER 1 
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The flooding effect on plant zonation and the complexity of saltmarsh environment. 
 
  
23 
 
   PREFACE 
This work was carried out with the aim to investigate the mutual effects of soil and 
vegetation cover along soil hydrosequences, from more elevated areas to 
subaqueous saltmarsh environment.  
Physicochemical characteristics of soils were investigated following changes in 
plant communities and soil types were described and classified following Soil 
Taxonomy guidelines. Here, vegetation was considered a consequence of different 
soil features as well as a primary factor affecting pedogenesis. The key role of 
flooding and soil texture was confirmed only partially. Results highlighted the 
relevant contribution of vegetation in differentiating soil types, in particular 
regarding the ability of some plants to release oxygen from roots, estimated 
through the description of red-mottles along soil profiles, and the litter deposition, 
contributing to soil organic carbon.  
This paper, published in Estaurine, Coastal and Shelf Science,  is the result of a 
collaboration with the pedology group of the Agricultural Science Department of 
the University of Bologna. My contribute referred mostly to the vegetation 
analysis, to considerations arising from plant communities pattern and in writings.  
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   CHAPTER 2 
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Juncus maritimus bushes established on saltmarsh soils in the Martignano saltmarsh, Marano 
Lagoon. 
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   PREFACE This work was published in the special issue ǲBiogeochemical dynamics of 
sediment-water systems: processes and modellingǳ of the Journal of Soils and 
Sediments, upon the 22nd International Symposium on Environmental 
Biogeochemistry (ISEB).  
The work focused deeper on soil-vegetation relationship along a flooding gradient, 
again using a multidisciplinary approach. The uptake ability for the main macro-
nutrients of the different plant communities was evaluated. The novelty of this 
work is based on the use of the bioaccumulation factor (BF) to evaluate the 
nutritional status of soils covered by these different plant communities. Vegetation 
revealed itself a great tool to describe soil hydric and nutritional conditions. The 
nutritional status varied within plant communities, depending on the soil status, 
and therefore could be considered a useful bioindicator of soil properties.  
Sampling and writing of the paper was conducted in collaboration with the 
pedology group of the Agricultural Science Department of the University of 
Bologna. My contribute referred to experimental design, vegetation surveys and 
data analysis, including the coordinate discussion about the obtained 
achievements with the other authors, and writings.  
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   CHAPTER 3 
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Zonation of saltmarsh vegetation in the Marina di Macia backbarrier saltmarsh, Grado Lagoon: 
visible the abrupt changes among plant communities. 
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   PREFACE 
This work focused on plant feedback mechanisms on soil and on possible effects on 
vegetation, mediated by plant traits.  
In order to investigate the relationships in saltmarshes among some ecological, 
edaphic and biotic factors, a structural equation model (SEM) was applied. This 
recent technique allowed to combine multiple effects of multiple variables and to 
define the main factors affecting an ecosystem. In our study, the tested SEM 
revealed interesting relationships summarised in Figure 3. Flooding affected 
directly plant size and soil features, and only indirectly plant abundance and plant 
community diversity, through plant traits. Bigger plants and larger covers were 
able to mitigate the negative effect of flooding on soil, improving soil redox status. 
Plant communities seemed shaped by plant traits and not by flooding stress.  
 
Figure 3. A schematic view of the relationships arisen from the structural equation model 
 
This work was submitted to Plant Ecology and it is currently under review. My 
contribute referred to sampling design, field sampling, laboratory analyses, data 
analysis, discussion and writings.  
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   CHAPTER 4 
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A plant individual of Sarcocornia fruticosa partially submerged during high tide, Martignano 
saltmarsh, Marano Lagoon. 
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   PREFACE 
Since Sarcocornia fruticosa and Limonium narbonense were recognized as key 
species in the saltmarsh community, equally able to colonise well drained and 
frequently flooded sites, the work was carried out in a greenhouse with the aim to 
clarify their strategies against flooding.  
The main factor limiting plant growth in saltmarshes is the unavailability of 
oxygen. Therefore, the role of internal plant aeration during submergence of the 
two halophytes was investigated. Internal aeration seemed relevant only for S. 
fruticosa, which benefitted from snorkelling, transporting oxygen from shoots in 
contact with air to submerged tissues. L. narbonense flooding tolerance seemed 
instead more complex: the high tissue porosity did not support aeration even 
during partial submergence. These achievements suggested that other processes 
could be even more important, e.g. fermentative processes supporting plant 
metabolism during anoxia.  
The work was performed thanks to the collaboration with the prof. Ole Pedersen, 
of the Freshwater Biological Laboratory, Department of Biology, of the University 
of Copenhagen (Denmark). My contribute referred to sampling, laboratory work, conducted in the Pedersen’s laboratories, data analysis, discussion and the 
writings. The work was presented during the 12th conference of the International 
Society for Plant Anaerobiosis (ISPA) and in press in the journal Plant Functional 
Biology.  
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   CHAPTER 5 
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Black coloured horizon with rotten-egg smell, testifying the accumulation of volatile sulphides 
in soil, Martignano saltmarsh, Marano Lagoon. 
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   PREFACE 
This work answered to the need of field methods for the evaluation of sulphides in 
soils, sediments and waters. This need arose especially considering the huge 
concentrations of sulphides in saltmarsh soils and the susceptibility of sulphides to 
oxidation, for which a field method is preferred. Moreover, sulphides were recently 
linked to plant zonation in saltmarshes, due to the phytotoxic effect of free 
sulphide ions on plants, especially on seagrasses inhabiting sulphides rich 
environments.  For this reason, a quick field colorimetric procedure was assessed 
for a semi-quantitative determination of acid volatile sulphides (AVS). Sulphides 
evolved from acidification as H2S (Figure 4) were trapped in a paper strip 
previously treated, precipitating as lead sulphide (PbS). The colour of the strip 
corresponded to the amount of sulphides in the sample, which was determined 
through comparison with reference charts.  
 
Figure 4. Sulfur speciation based on pH (Reddy and DeLaune 2008) 
 
The method was tested both in the laboratory and in the field, and validated 
against the response of a ion-selective microelectrode probe for S2-. This cheap 
method appeared simple, robust and highly reproducible. Moreover, the 
colorimetric approach can benefit from future implementation of smart-phone 
apps that, through image analysis, will enable to determine sulphides 
concentration in a sample instantly.  
This work was submitted to Water Research and now is under revision. My 
contribution referred to sampling, laboratory analysis and writing of the methods.  
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   GENERAL DISCUSSION 
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Spartinetea maritimae vegetation class in the less elevated areas of the Marina di Macia 
saltmarsh, Grado Lagoon. 
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The progressive reduction of the saltmarsh areas recorded worldwide in the last 
decades (Waycott et al., 2009) led to an increasing interest around these wetland 
systems, in particular for its severe consequences on biodiversity and human 
activities. This interest revealed a very scarce knowledge about saltmarshes and 
the need to develop suitable strategies to cope with an extremely different system, 
compared to the well-studied terrestrial ones. In fact, diverse mechanisms are 
involved, for instance in defining plant zonation and soil evolution; moreover, 
different procedures are required to analyse such environmental samples, like the 
anoxic soils subject to quick changes when exposed to air (Le Mer and Roger, 
2001; Stephens et al., 2001; Van Breemen, 1982).  
The overall aim of this research was therefore to investigate the main variables 
affecting soil and plant zonation in saltmarshs and to define the relationships 
between soil and vegetation, in order to elucidate the dynamics involved. This 
knowledge will be than applied in management programs, for preservation of 
existing saltmarshes and restoration of new areas. To achieve these aims, soil and 
vegetation were investigated using a holistic approach, moving from the 
identification of existing relationships between these two compartments (Chapter 
1 and 2) to the evaluation of feedback mechanisms that vegetation drives towards 
soil (Chapter 3), with additional specific contributions aimed to clarify flooding 
tolerance in halophytes (Chapter 4) and proposing a new method for the 
evaluation of sulphides in anoxic soil (Chapter 5). 
 
   KEY FINDINGS 
This work basically confirmed the central role of flooding in determining both soil 
features and plant distribution (Chapter 1, 2 and 3). Nevertheless, this finding is 
unfortunately affected by uncertainties in the evaluation of the hydroperiod, a 
highly critical point. Flooding has been so far usually evaluated indirectly using the 
elevation as a proxy (Rasser et al., 2013; Silvestri et al., 2005). This is likely cause 
of the contradictory results arisen among authors, which either highlighted the 
presence (Chapter 1 and 2; Marani et al., 2004; Bockelmann et al., 2002) or the lack 
of correlation (Bockelmann and Neuhaus, 1999; Adam, 1993) between plant 
zonation and flooding. Elevation data are still today strongly affected by the 
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inaccuracy of available LiDAR models and by the hard effort that accurate data 
acquisition requires, especially in saltmarshes where differences of few 
centimetres of height may result in abrupt changes among plant communities. 
Considering this, we tried to improve accuracy in the evaluation of the 
hydroperiod, by using both elevation data and tidal regimes (Chapter 3) and this 
allowed to obtained more sensitive relationships among variables, testifying the 
need to improve ways to estimate this parameter. Thus, direct measurements or 
improved correction factors should be considered for future research. 
Plant distribution is also linked to the different degrees of tolerance that 
halophytes show towards flooding. We noticed that plants with similar ecological 
niches could use different strategies against flooding: from oxygen diffusion 
through aerenchyma, to underwater photosynthesis (Chapter 4), or to shift  
mitochondrial respiration to fermentative processes allowing plant metabolism 
during anoxia periods (Perata et al., 2011; Visser et al., 2003). Interestingly, some 
species could translocate oxygen from shoots in contact with air to submerged 
tissues (Sarcocornia fruticosa), while others prefer restoring aerobic conditions in 
the surroundings of roots (Limonium narbonense), an advantage when flooding 
finishes (Chapter 4).  
Flooding is extremely important considering that it drives changes on soil, plants, 
microbial communities, sulphur or carbon cycles etc. (Reddy and DeLaune, 2008). 
Soil features change along the flooding gradient, developing severe anoxia and 
accumulating sulphides with the increasing of flooding, and plant communities 
count even lower species diversity or monospecific stands (Chapter 1 and 2). 
Beside this, the present work highlighted the strong feedback mechanisms driven 
by plants towards soil (Chapter 1, 2 and 3). The conditions determined by flooding 
could be seriously altered by plants through oxygen released from roots, which 
could be more or less pronounced, based on plant species. Moreover, the quick leaf 
renewal rates, exploited by many halophytes against salt accumulation, contribute 
to soil organic matter content (Chapter 1). The decomposition of litter affects the 
development of soil, but can also affect the production of sulphides upon anoxia, 
being carbon a source for microbial metabolism and a driving factor of reduction 
intensity. The oxygen released from roots leads to the formation of red- mottles 
along the typical gley coloured horizons (Chapter 1; Richardson and Brinson, 
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2001), changing locally the redox status of soil (Chapter 3). The consequent 
improvement of soil conditions around roots enhances in turn plant establishment, 
highlighting the complexity of soil-plant interactions.  
The ability of plants to modify the chemistry of saltmarsh soils seemed to be 
strictly linked to the redox status of the soil: sulphides production seemed not to 
be really limited by plants (Chapter 3), probably due to the very low redox 
conditions necessary for sulphides production and the limited distance from root 
surface of oxygen diffusion. On the contrary, zonation can be affected by sulphide 
production in soils (Gribsholt and Kristensen, 2002), which is proportional to 
flooding, but also dependent from sulphate availability. Nevertheless, this effect is 
today still unclear and considered only in few recent works (Borum et al., 2013; 
Holmer et al., 2005), despite the great amount potentially present in saltmarsh 
soils. Moreover, the lack of good analytical methods weights to the accuracy of 
sulphides measurements.  
The method proposed in this work (Chapter 5), despite the relative small range of 
applicability, appeared robust and able to highlight the spatial variability of 
sulphides in soils. This method will facilitate field studies on the effect of sulphides 
in zonation processes, and facilitate the mapping of sulphides distribution in 
saltmarsh soils.  
Vegetation can be limited also by the reduced uptake capability of plants upon 
anoxic conditions. We highlighted that different plant communities are less or 
more efficient to acquire some nutrients, mostly due to their availability in soil 
(Chapter 2). The mobility of nutrients like Fe, K and Ca is severely reduced upon 
anoxia (Julie and Siobhan, 2001) and different species could be able to improve 
uptake of some elements or tolerate very low amounts (Chapter 2). Flooding is 
strictly linked to the redox status of soil, defining the availability of an element, 
but, as previously suggested, plants could alter the redox status and consequently 
improve the mobility of nutrients present in soil (Chapter 2).  
Finally, zonation derived also from plant-plant interactions, due to intra or inter-
specific competition (Chapter 3; Bockelmann et al., 2002). Previous researches 
proved that in more elevated areas, competition is even more important, 
considering that environmental stresses are less severe (Ford et al., 2016; Wang et 
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al., 2006). Plant individuals shape directly changes on plant communities, whereas 
flooding affect plant zonation only indirectly (Chapter 3). This fact attributes a 
great role to plant traits that must be considered, together with vegetation, for 
future restoration programs.  
We proved that interactions among abiotic and biotic factors can magnify or 
quench the original conditions determined by flooding. A pivotal  achievement 
was, therefore, to demonstrate that vegetation and plants could be considered 
predictor tools of soil conditions, environmental stresses and vegetation dynamics.  
The present work highlighted the relevance of a holistic approach when studying 
saltmarsh system, and the need to move across different levels of detail: from the 
small scale of plant-soil interface, to the higher level of complexity of vegetation-
soils interactions.  
 
   FUTURE RESEARCH PERSPECTIVES 
Many aspects to investigate in deep and issues to solve arose from the results of 
the present work. The main hot spots are listed here below. 
1) Methods of sampling and analyses have to be improved, especially considering 
the handling of anoxic soils, subject to quick oxidation when exposed to air. This 
lack could seriously affect the accuracy of surveys conducted in wetlands.  
2) Guidelines regarding conditions for germination (in situ or ex situ) and growth 
of halophytes are still missing, despite crucial. For instance, the optimal conditions 
for water salinity and flooding period required by each species are not known yet.  
3) The Soil Taxonomy classification system has to be improved for hydromorphic 
soils and additional concrete rules are required for a better definition of these 
soils. This need regards especially submerged soils with mineral iron sulphides 
phases, not considered yet in the Sulfiwassent suborder when the pH is neutralised 
by carbonates, even if the amount of sulphides is consistent (Chapter 1).  
4) Maps of sulphides distribution in saltmarshes are missing, despite they would 
be a great tool for evaluating the effect of sulphides on plant zonation.  
5) Halophytes under submergence could prefer anaerobic metabolism to survive, 
but this strategy is poorly studied. Plants able to activate fermentative pathways 
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should accumulate reserves during favourable conditions. The amount of reserves 
and non-structural carbohydrates could explain the great flooding tolerance of 
species, like L. narbonense, able to survive even if completely submerged for long 
periods (Chapter 4).  
6) Finally, species competition appeared even more important than environmental 
stresses in defining zonation (Chapter 3). Therefore, competition has to be set as 
an additional relevant variable defining plant distribution and possible changes on 
soil features, yet unclear.  
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   CONCLUSIONS 
This work confirmed the need of a holistic approach to understand saltmarsh 
systems and the need to move across different levels of detail, from the small scale 
to the higher level of complexity defined by soil-vegetation interactions. The 
holistic approach, including different disciplines, provides the most realistic 
chance to achieve the necessary knowledge and control the increasing loss of 
saltmarsh areas. The combination of soil features, plant traits and vegetation, 
tested together, allowed us to define the relevance and the direction of existing 
relationships (Chapter 3). These findings will allow an easier monitoring of 
existing saltmarshes and will help to develop better-defined plans for future 
restoration programs. The monitoring of vegetation indirectly allows to know the 
degree of environmental stresses involved and the soil features that could allow 
the presence of a specific vegetation type. On this basis, we can become able to 
model saltmarsh surface topology and arrange the optimal soil features in order to 
favour the establishment and growth of specific plants, and indirectly to control 
vegetation dynamics.  
  
134 
 
  
135 
 
   REFERENCES 
Abbiati M., Mistri M., Bartoli M., Ceccherelli V.U., Colangelo M.A., Ferrari C.R., 
Giordani G., Munari C., Nizzoli D., Ponti M., Rossi R., Viaroli P. (2010) Trade-off 
between conservation and exploitation of the transitional water ecosystems of 
the northern Adriatic Sea. Chemistry and Ecology 26(S1), 105-119. 
Adam P. (1993) Saltmarsh ecology. Cambridge University Press, Cambridge, UK. 
Adam P. (2002) Saltmarshes in a time of change. Environmental conservation 29(1), 
39-61. 
Almeida C.M.R., Mucha A.P., Vasconcelos M.T.S. (2004) Influence of the sea rush 
Juncus maritimus on metal concentration and speciation in estuarine sediment 
colonized by the plant. Environmental science and technology 38(11), 3112-3118. 
Anderson E.F., Wilson D.J. (2000) A simple field test for acid volatile sulfide in 
sediments. Journal of the Tennessee Academy of Science 75(3-4), 53-56. 
Armstrong W., Drew M.C. (2002) Root growth and metabolism under oxygen 
deficiency. Plant roots: the hidden half 3, 729-761. 
Barbier E.B., Koch E.W., Silliman B.R., Hacker S.D., Wolanski E., Primavera J., Granek 
E.F., Polasky S., Aswani S., Cramer L.A., Stoms D.M., Kennedy C.J., Bael D., Kappel 
C.V., Perillo G.M.E., Reed D.J. (2008) Coastal ecosystem-based management with 
nonlinear ecological functions and values. Science 319(5861), 321-323. 
Batriu E., Pino J., Rovira P., Ninot J.M. (2011) Environmental control of plant 
species abundance in a microtidal Mediterranean saltmarsh. Applied Vegetation 
Science 14(3), 358-366. 
Bayraktarov E., Saunders M.I., Abdullah S., Mills M., Beher J., Possingham H.P., 
Mumby P.J., Lovelock C.E. (2015) The cost and feasibility of marine coastal 
restoration. Ecological Applications 26(4), 1055-1074. 
Benayas J.M.R., Newton A.C., Diaz A., Bullock J.M. (2009) Enhancement of 
biodiversity and ecosystem services by ecological restoration: A meta-analysis. 
Science 325(5944), 1121-1124. 
Bertness M.D., Ellison A.M. (1987) Determinants of pattern in a New England salt 
marsh plant community. Ecological Monographs 57(2), 129-147. 
136 
 
Bockelmann A.C., Neuhaus R. (1999) Competitive exclusion of Elymus athericus 
from a high stress habitat in a European salt marsh. Journal of Ecology 87, 503-
513. 
Bockelmann A.C., Bakker J.P., Neuhaus R., Lage J. (2002) The relation between 
vegetation zonation, elevation and inundation frequency in a Wadden Sea salt 
marsh. Aquatic Botany 73(3), 211-221. 
Boorman L.A. (2003) Saltmarsh Review. An overview of coastal saltmarshes, their 
dynamic and sensitivity characteristics for conservation and management. JNCC 
Report, No. 334 
Borum J., Raun A.L., Hasler-Sheetal H., Pedersen M.Ø., Pedersen O., Holmer M. 
(2013) Eelgrass fairy rings: sulfide as inhibiting agent. Marine Biology 161, 351-
358. 
Bradley M.P., Stolt M.H. (2006) Landscape-level seagrass-sediment relations in a 
coastal lagoon. Aquatic Botany 84, 121-128. 
Brouwer H. (1995) Acid Volatile Sulfides (AVS) in sediment: an environmental 
chemistry experiment. Jornal of Chemical Education 72(2), 182. 
Burke D.J., Weis J.S., Weis P. (2000) Release of metals by the leaves of the salt 
marsh grasses Spartina alterniflora and Phragmites australis. Estuarine, Coastal 
and Shelf Science 51, 153-159. 
Cadol D., Engelhardt K., Elmore A., Sanders G. (2014) Elevation-dependent surface 
elevation gain in a tidal freshwater marsh and implications for marsh persistence. 
Limnology and Oceanography 59, 1065-1080. 
Cazzin M., Ghirelli L., Mion D., Scarton F. (2009) Completamento della cartografia 
della vegetazione e degli habitat della laguna di Venezia: anni 2005-2007. Lavori 
Soc. Ven. Sc. Nat. 34, 81-89. 
Chen D., Li S., Liu H., Chen T., Chen C., Yu C. (2014) Rapid determination of sulfide 
sulfur in anaerobic system by gas-phase molecular absorption spectrometry. 
Analytical Methods 6(22), 9085-9092. 
Cocco S., Agnelli A., Gobran G.R., Corti G. (2013) Changes induced by the roots of 
Erica arborea L. to create a suitable environment in a soil developed from alkaline 
and fine-textured marine sediments. Plant and soil 368(1-2), 297-313. 
137 
 
Colmer T.D. (2003) Long-distance transport of gases in plants: a perspective on 
internal aeration and radial oxygen loss from roots. Plant, Cell andEnvironment 
26, 17-36.  
Colmer T.D., Flowers T.J. (2008) Flooding tolerance in halophytes. New Phytologist 
179, 964-974. 
Costa C.S.B., Marangoni J.C., Azevedo A.M.G. (2003) Plant zonation in irregularly 
flooded salt marshes: relative importance of stress tolerance and biological 
interactions. Journal of Ecology 91: 951-965. 
Cott G.M., Reidy D.T., Chapman D.V., Jansen M.A.K. (2011) Saltmarshes on peat 
substrate on the southwest coast of Ireland: edaphic parameters and plant 
species distribution. Geo-Eco Marina 17: 41-49.  
Cronk J.K., Fennessy M.S. (2016) Wetland plants: biology and ecology. CRC press 
LLC, Washington, DC, 482 pp. 
Crooks S., Pye K. (2000) Sedimentological controls on the erosion and morphology 
of saltmarshes: implications for flood defence and habitat recreation. Geological 
Society, London, Special Publications, 175(1), 207-222. 
Chytrý M., Otýpková Z. (2003) Plot sizes used for phytosociological sampling of 
European vegetation. Journal of Vegetation Science 14(4), 563-570. Curcó A., )báňez C., Day J.W., Prat N. ȋʹͲͲʹȌ Net primary production and 
decomposition of salt marshes of the Ebre delta (Catalonia, Spain). Estuaries 25: 
309–324. 
Cutini M., Agostinelli E., Acosta T.R.A., Molina J.A. (2010) Coastal salt‐marsh 
zonation in Tyrrhenian central Italy and its relationship with other 
Mediterranean wetlands. Plant Biosystems 144(1), 1-11. 
Dunnette D.A., Chynoweth D.P., Mancy K.H. (1985) The source of hydrogen sulfide 
in anoxic sediment. Water Research 19(7), 875-884. 
Elmore A.J., Engelhardt K.A., Cadol D., Palinkas C.M. (2016) Spatial patterns of plant 
litter in a tidal freshwater marsh and implications for marsh persistence. 
Ecological Applications 26(3), 846-860. 
138 
 
Erich E., Drohan P.J. (2012) Genesis of freshwater subaqueous soils following 
flooding of a subaerial landscape. Geoderma 179, 53-62.  
Fiedler S., Sommer M. (2004) Water and redox conditions in wetland soils-their 
influence on pedogenic oxides and morphology. Soil Science Society of America 
Journal 68(1), 326-335. 
Flowers T.J., Hajibagheri M.A., Clipson N.J.W. (1986) Halophytes. The Quarterly 
Review of Biology 61: 313–337. 
Flowers T.J., Colmer T.D. (2008) Salinity tolerance in halophytes. New Phytologist 
179, 945-963. 
Ford H., Garbutt A., Ladd C., Malarkey J., Skov M.W. (2016) Soil stabilization linked 
to plant diversity and environmental context in coastal wetlands. Journal of 
Vegetation Science 27(2), 259-268. 
Frederiksen M.S.,Holmer M., Borum J., Kennedy H. (2006) Temporal and spatial 
variation of sulphide invasion in eelgrass (Zostera marina) as reflected by its 
sulfur isotopic composition. Limnology and Oceanography 51, 2308-2318. 
French J.R., Stoddart D.R. (1992) Hydrodynamics of salt marsh creek systems: 
Implications for marsh morphological development and material exchange. Earth 
surface processes and landforms 17(3), 235-252. 
Gribsholt B., Kristensen E. (2002) Effects of bioturbation and plant roots on salt 
marsh biogeochemistry: a mesocosm study. Marine Ecology Progress Series 241, 
71-87. 
Hasegawa P.M., Bressan R.A., Zhu J.K., Bohnert H.J. (2000) Plant cellular and 
molecular responses to high salinity. Annual Review of Plant Physiology and Plant 
Molecular Biology 51: 463-499. 
He Q., Bertness M.D., Bruno J.F., Li B., Chen G.Q., Coverdale T.C., Altieri H.A., Bai J., 
Sun T., Pennings S.C., Liu J., Ehrlich P.R., Cui B. (2014) Economic development and 
coastal ecosystem change in China. Scientific reports 4(5995), 1-9. 
Herzog M., Pedersen O. (2014) Partial versus complete submergence - snorkeling 
aids root aeration in Rumex palustris but not in R. acetosa. Plant, Cell and 
Environment 37, 2381-2390. 
139 
 
Hinsinger P., Plassard C., Tang C., Jaillard B. (2003) Origins of root-mediated pH 
changes in the rhizosphere and their responses to environmental constraints: a 
review. Plant and Soil 248(1-2), 43-59. 
Holmer M., Frederiksen M.S., Møllegaard H. (2005) Sulfur accumulation in eelgrass 
(Zostera marina) and effect of sulfur on eelgrass growth. Aquatic Botany 81(4), 
367-379. 
Holmer M., Pedersen O., Krause-Jensen D., Olesen B., Petersen M.H., Schopmeyer S., 
Koch M., Lomstein B.A., Jensen H.S. (2009) Sulfide intrusion in the tropical 
seagrasses Thalassia testudinum and Syringodium filiforme. Estuarine, Coastal and 
Shelf Science 85, 319-326. 
Holmer M., Wirachwong P., Thomsen M.S. (2011) Negative effects of stress-
resistant drift algae and high temperature on a small ephemeral seagrasss pecies. 
Marine Biology 158, 297-309. 
Holmer M., Hasler-Sheetal H. (2014) Sulfide intrusion in seagrasses assessed by 
stable sulfur isotopes-a synthesis of current results. Frontiers in Marine Science 1, 
64. 
IPCC (2013) Climate Change 2013: The Physical Science Basis. Contribution of 
Working Group I to the Fifth Assessment Report of the Intergovernmental Panel 
on Climate Change. Stocker, T.F., Qin D., Plattner G.-K., Tignor M., Allen S.K., 
Boschung J., Nauels A., Xia Y., Bex V., Midgley P.M. (eds.) Cambridge University 
Press, Cambridge, United Kingdom and New York, NY, USA, 1535 pp.  Jenačković D.D., Zlatković ).D., Lakušić D.V., Ranđelović V.N. ȋʹͲͳ͸Ȍ Macrophytes as 
bioindicators of the physicochemical characteristics of wetlands in lowland and 
mountain regions of the central Balkan Peninsula. Aquatic Botany 134, 1-9. 
Jeppesen E., Søndergaard M., Pedersen A.R., Jürgens K., Strzelczak A., Lauridsen 
T.L., Johansson L.S. (2007) Salinity induced regime shift in shallow brackish 
lagoons. Ecosystems 10(1), 48-58. 
Jiang J., De Angelis D.L., Smith III T.J., Teh S. Y., Koh H. L. (2012) Spatial pattern 
formation of coastal vegetation in response to external gradients and positive 
feedbacks affecting soil porewater salinity: a model study. Landscape Ecology 
27(1), 109-119. 
140 
 
Julie K.C., Siobhan F.M. (2001) Wetland plants: biology and ecology. CRC Press. 
Kiehl K., Esselink P., Bakker J.P. (1997) Nutrient limitation and plant species 
composition in temperate salt marshes. Oecologia 111(3), 325-330. 
Koch M.S., Mendelssohn I.A., McKee K.L. (1990) Mechanism for the hydrogen 
sulfide-induced growth limitation in wetland macrophytes. Limnology and 
Oceanography 35, 399-408. 
Koretsky C.M., Haveman M., Cuellar A., Beuving L., Shattuck T., Wagner M. (2008) 
Influence of Spartina and Juncus on saltmarsh sediments. I. Pore water 
geochemistry. Chemical Geology 255(1), 87-99. 
Kroon H., Visser E.J.W. (2012) Plasticity as a plastic response: how submergence-
induced leaf elongation in Rumex palustris depends on light and nutrient 
availability in its early life stage. New Phytologist 194, 572-582. 
Kristensen E., Rabenhorst M.C. (2015) Do marine rooted plants grow in sediment 
or soil? A critical appraisal on definitions, methodology and communication. 
Earth-Science Reviews 145, 1-8. 
Laanbroek H.J. (2010) Methane emission from natural wetlands: interplay between 
emergent macrophytes and soil microbial processes. A mini-review. Annals of 
Botany 105(1), 141-153. 
Lamers L.P.M., Govers L.L., Janssen, I.C.J.M., Geurts J.G.M., Van der Welle M.E.W., 
Van Katwijk M.M., Van der Heide T., Roelofs J.G.M., Smolders A.J.P. (2013) Sulfide 
as a soil phytotoxin - a review. Frontiers in Plant Science 4, 268. 
Lang F., von der Lippe M., Schimpel S., Scozzafava-Jaeger T., Straub W. (2010) 
Topsoil morphology indicates bio-effective redox conditions in Venice salt 
marshes. Estuarine, Coastal and Shelf Science 87, 11-20. 
Le Mer J., Roger P. (2001) Production, oxidation, emission and consumption of 
methane by soils: a review. European Journal of Soil Biology 37(1), 25-50. 
Lee R.W. (1999) Oxidation of sulfide by Spartina alterniflora roots. Limnology and 
Oceanography 44, 1155–1159. 
Liu Z., Cui B., He Q. (2016) Shifting paradigms in coastal restoration: Six decades' 
lessons from China. Science of The Total Environment 566, 205-214. 
141 
 
Marani M., Lanzoni S., Silvestri S., Rinaldo A. (2004) Tidal landforms, patterns of 
halophytic vegetation and the fate of the lagoon of Venice. Journal of Marine 
Systems 51, 191-210. 
Marschner P. (1995) Mineral Nutrition of Higher Plants. London: Academic Press. 
McAlpine K.G., Wotton D.M. (2009) Conservation and the delivery of ecosystem 
services. Science for the Environment 295. Department of Conservation, 
Wellington. 
McGrath J.A., Paquin P.R., Di Toro D.M. (2002) Use of the SEM and AVS approach in 
predicting metal toxicity in sediments. Fact sheet on environmental risk 
assessment 10, 1-7. 
Millero F.J. (1986) The thermody-namics and kinetics of the hydrogen sulfide 
system in natural waters. Marine Chemistry 18, 121-147. 
Möller I. (2006) Quantifying saltmarsh vegetation and its effect on wave height 
dissipation: Results from a UK East coast saltmarsh. Estuarine, Coastal and Shelf 
Science 69: 337-351.  
Mommer L., Wolters-Arts M., Andersen C., Visser E.J.W., Pedersen O. (2007) 
Submergence induced leaf acclimation in terrestrial species varying in flooding 
tolerance. New Phytologist 176, 337-345. 
Mucha A.P., Almeida C.M., Bordalo A.A., Vasconcelos M.T. (2005) Exudation of 
organic acids by a marsh plant and implications on trace metal availability in the 
rhizosphere of estuarine sediments. Estuarine, Coastal and Shelf Science 65, 191-
198. 
Newton A., Carruthers T., Icely J. (2012) The coastal syndromes and hotspots on 
the coast. Estuarine, Coastal and Shelf Science 96, 39-47. 
Newton A., Icely J., Cristina S., Brito A., Cardoso A.C., Colijn F., Dalla Riva S., Gertz F., 
Hansen J.W., Holmer M., Ivanova K., Leppäkoski E., Canu D.M., Mocennim C., 
Mudge S., Murray N., Pejrup M., Razinkovas A., Reizopoulou S., Pérez-Ruzafa A., 
Schernewski G., Schubert H., Carr L., Solidoro C., Viaroli P., Zaldívar J.-M. (2014) 
An overview of ecological status, vulnerability and future perspectives of 
European large shallow, semi-enclosed coastal systems, lagoons and transitional 
waters. Estuarine, Coastal and Shelf Science 140, 95-122. 
142 
 
Nielsen L.B., Finster K., Welsh D.T., Donelly A., Herbert R.A., De Wit R., Lomstein 
B.A. (2001) Sulphate reduction and nitrogen fixation rates associated with roots, 
rhizomes and sediments from Zostera noltii and Spartina maritima meadows. 
Environmental Microbiology 3(1), 63-71. Pandža M., Franjić J., Škvorc Ž. ȋʹͲͲ͹Ȍ The salt marsh vegetation on the East 
Adriatic coast. Biologia 62(1), 24-31. 
Pedersen O., Binzer T., Borum J. (2004) Sulphide intrusion in eelgrass (Zostera 
marina L.). Plant, Cell and Environment 27(5), 595-602. 
Pedersen O., Colmer T.D., Sand-Jensen K. (2013) Underwater photosynthesis of 
submerged plants - recent advances and methods. Frontiers in Plant Science 
4(140), 1-19. 
Pennings S.C., Callaway R.M. (1992) Salt marsh plant zonation: the relative 
importance of competition and physical factors. Ecology 73(2), 681-690. 
Perata P., Armstrong W., Voesenek L.A. (2011) Plants and flooding stress. New 
Phytologist 190(2), 269-273. 
Pezeshki S.R. (2001) Wetland plant responses to soil flooding. Environmental and 
Experimental Botany 46(3), 299-312. 
Ponnamperuma F.N. (1984) Effects of flooding on soils. Flooding and plant growth 
9-45. 
Rabenhorst M.C., Megonigal J.P., Keller J. (2010) Synthetic iron oxides for 
documenting sulfide in marsh pore water. Soil Science Society of America Journal 
74(4), 1383-1388. 
Rasser M.K., Fowler N.L., Dunton K.H. (2013) Elevation and plant community 
distribution in a microtidal salt marsh of the western Gulf of Mexico. Wetlands 33: 
575-583. 
Reddy K.R., DeLaune R.D. (2008) Biogeochemistry of wetlands: science and 
applications. CRC press, Washington, DC, 800 pp.  
Reed D.J. (1990) The Impact of Sea-level Rise on Coastal Salt Marshes. Progress in 
Physical Geography 14(4), 465-481. 
143 
 
Rhodes D., Nadolska-Orczyk A., Rich P.J. (2002) Salinity, osmolytes and compatible 
solutes. In: Läuchli A, Lüttge U, eds. Salinity: environment–plant–molecules. 
Dordrecht, the Netherlands: Kluwer, 181–204. 
 
Rickard D., Morse J.W. (2005) Acid volatile sulfide (AVS). Marine Chemistry 97(3), 
141-197. 
Richardson J.L., Brinson M.M. (2001) Wetland soils and hydrogeomorphic 
classification of wetlands. Wetland Soils: Genesis, Hydrology, Landscapes, and 
Classification 209-227. 
Riley D., Barber S.. (1971) Effect of ammonium and nitrate fertilization on 
phosphorus uptake as related to root-induced pH changes at the root-soil 
interface. Soil Science Society of America Journal 35(2), 301-306. 
Rinaldo A., Belluco E., D'Alpaos A., Feola A., Lanzoni S., Marani M. (2004) Tidal 
networks: form and function. In: Fagherazzi S., Marani M., Blum L.K. (eds.) The 
ecogeomorphology of tidal marshes. American Geophysical Union, Washington, 
DC, 75-91. 
Rivoal J., Hanson A.D. (1993) Evidence for a large and sustained glycolytic flux to 
lactate in anoxic roots of some members of the halophytic genus Limonium. Plant 
physiology 101(2), 553-560. 
Sanchez J. M., Otero X.L., Izco J. (1998) Relationships between vegetation and 
environmental characteristics in a salt-marsh system on the coast of Northwest 
Spain. Plant Ecology 136(1), 1-8. 
Silvestri S., Defina A., Marani M. (2005) Tidal regime, salinity and salt marsh plant 
zonation. Estuarine, Coastal and Shelf Science 62(1), 119-130. 
Simas T., Nunes J.P., Ferreira J.G. (2001) Effects of global climate change on coastal 
salt marshes. Ecological Modelling 139(1), 1-15. 
Soil Survey Staff (1999) Soil Taxonomy. 2nd edition. Agricultural Handbook 436, 
United States Department of Agriculture. Washington D.C., U.S.A. 
Soil Survey Staff (2014) Keys to Soil Taxonomy. 12th ed. United States Department 
of Agriculture, Natural Resources Conservation Service. 
144 
 
Stephens S.R., Alloway B.J., Parker A., Carter J.E., Hodson M.E. (2001) Changes in 
the leachability of metals from dredged canal sediments during drying and 
oxidation. Environmental Pollution 114(3), 407-413. 
Studer C., Braendle R. (1987) Ethanol, acetaldehyde, ethylene release and ACC 
concentration of rhizomes from marsh plants under normoxia, hypoxia and 
anoxia. In: Crawford RMM, ed. Plant life in aquatic and amphibious habitats, 
Special publication 5, British Ecological Society. Oxford: Blackwell Scientific 
Publications, 293-301. 
Sun Z.G., Sun W.G., Tong C., Zeng C.S., Yu X., Mou X.J. (2015) China's coastal 
wetlands: conservation history, implementation efforts, existing issues and 
strategies for future improvement. Environment International 79, 25–41. 
Tessier M., Gloaguen J.C., Bouchard V. ȋʹͲͲʹȌ The role of spatio‐temporal 
heterogeneity in the establishment and maintenance of Suaeda maritima in salt 
marshes. Journal of Vegetation Science 13(1), 115-122. 
Townend I., Fletcher C., Knappen M., Rossington K. (2011) A review of salt marsh 
dynamics. Water and Environment Journal 25(4), 477-488. 
Underwood G.J.C. (1997) Microalgal colonization in a saltmarsh restoration 
scheme. Estuarine, Coastal and Shelf Science 44, 471-481. 
Van Breemen N.V. (1982) Genesis, morphology, and classification of acid sulfate 
soils in coastal plains. In: Kittrick, J.A., Fanning, D.S., Hossner, L.R., (eds) Acid 
Sulfate Weathering. Soil. Sci. Soc. Am. Spec. Publ. 10, 95-108. 
Van de Koppel J., Altieri A.H., Silliman B.R., Bruno J.F., Bertness M.D. (2006) Scale-
dependent interactions and community structure on cobble beaches. Ecology 
Letters 9:45-50. 
Visser J.W., Voesenek L.A.C.J., Vartapetian B.B., Jackson M.B. (2003) Flooding and 
Plant Growth. Annals of Botany 91(2), 107-109. 
Voesenek L., Colmer T.D., Pierik R., Millenaar F.F., Peeters A.J.M. (2006) How plants 
cope with complete submergence. New Phytologist 170: 213–226. 
Wang Q., Wang C.H., Zhao B., Ma Z.J., Luo Y.Q., Chen J.K., Li B. (2006) Effects of 
growing conditions on the growth of and interactions between salt marsh plants: 
implications for invasibility of habitats. Biological Invasions 8(7): 1547-1560. 
145 
 
Waycott M., Duarte C.M., Carruthers T.J., Orth R.J., Dennison W.C., Olyarnik S., 
Calladine A., Fourqurean J.W., Heck K.L., Hughes A.R., Kendrick G.A., Kenworthyj 
W.J., Short F.T., Williams S.L. (2009) Accelerating loss of seagrasses across the 
globe threatens coastal ecosystems. Proceedings of the National Academy of 
Sciences USA 106(30), 12377-12381.  
Windham L., Weis J.S., Weis P. (2003) Uptake and distribution of metals in two 
dominant salt marsh macrophytes, Spartina alterniflora (cordgrass) and 
Phragmites australis (common reed). Estuarine, Coastal and Shelf Science 56(1), 
63-72. 
Wright A.J., Kroon H., Visser E.J., Buchmann T., Ebeling A., Eisenhauer N., Fisher C., 
Hildebrandt A., Ravenek J., Rosher C., Weigelt, A., Weisser W., Voesenek L.A.C.J., 
Mommer L. (2017) Plants are less negatively affected by flooding when growing in species‐rich plant communities. New Phytologist 213(2), 645-656. 
Wyn Jones G., Gorham J. (2002) Intra- and inter-cellular compartments of ions. In: 
Läuchli A, Lüttge U, eds. Salinity: environment–plant–molecules, Dordrecht, the 
Netherlands: Kluwer, 159-180. 
Zedler J.B., Morzaria-Luna H., Ward K. (2003) The challenge of restoring vegetation 
on tidal, hypersaline substrates. Plant and Soil 253(1), 259-273. 
